), revealing strong asymmetry in the density structure of the Arabian plate. The uppermost mantle layer in the Arabian Shield is relatively dense. However, below a depth of~100 km we observe a strong low-density anomaly. In contrast, the mantle density in the Arabian platform increases at the same depths. The most pronounced decrease of the mantle density occurs in the Gulf of Aden, Red Sea, and East African Rift. Underneath the northern Red Sea the low-density anomaly is limited to the depth~150 km, while in the southern part it is likely linked to a mantle plume. The densest mantle material is found under the South Caspian basin, which is likely associated with an eclogite body in the uppermost mantle. In the collision zones (the Zagros Belt and the Hellenic Arc), the high-density lithosphere shows the location of the subducting plates.
Introduction
The Middle East is characterized by active tectonics. Interaction of different tectonic processes results in a very complex structure, a high level of seismicity and continuous earthquake activity (Figure 1 ). An extension regime dominates the south-southwestern part of the region (the Gulf of Aden and the Red Sea); while on the northeast it is bounded by collisional zones (e.g., Zagros Mountains). Located in the center of the Middle East, the Arabian plate was formed by rifting of NE Africa from Arabia along the Red Sea and Gulf of Aden [Stern and Johnson, 2010] . The Arabian plate is relatively stable; although it is characterized by a strong heterogeneity likely related to the upper mantle structure [Chen et al., 2015] . Compressional and extensional forces acting on the opposite sides of the Arabian plate cause significant intraplate stresses [Dewey and Şengör, 1979] . The collision between the Arabian plate and Eurasia in the north and northeast leads to an intracontinental subduction and formation of the Anatolian-Iranian plateau and Zagros Mountains [e.g., Stern and Johnson, 2010] . Further to the north, the collision zone extends to the Caucasus region including also the Black and Caspian Sea. The Dead Sea fault system bounds the northwestern part of the Arabian plate and represents a north-south, left-lateral strike shear zone [Smit et al., 2010; Agrawal et al., 2015] .
Mantle density heterogeneities, in particularly in the upper mantle, are closely related to tectonic processes. First of all, density contrasts produce significant stresses, which directly affect style and amplitude of lithospheric deformations [e.g., Kaban et al., 2015a] . Furthermore, continuous plate interactions and mantle underplating processes lead to accumulation of various anomalies (compositional, structural, and thermal) within the lithosphere. Seismic tomography does not always provide complete information about this heterogeneity. Therefore, knowledge of the mantle density structure is the key to understanding the tectonic processes and their surface expression. In the present study we integrate various data sets (e.g., gravity, geophysical, and geological data on the crustal structure, seismic tomography, and mineral physics), aiming to construct a 3-D density model of the upper mantle in the Middle East and surrounding regions and analyze this model with respect to the ongoing tectonic processes.
To investigate the upper mantle density structure, it is necessary to reduce beforehand the impact of the crust, which completely hides the effect of the upper mantle density variations. Therefore, construction of a trustworthy three-dimensional density model of the crust, based on independent data (primarily seismic), is a prerequisite for density modeling of the upper mantle . Fortunately, the crustal structure in many parts of the globe has been investigated by various geophysical methods, primarily seismic. Therefore, the effect of the crust can be calculated and removed from the observed fields in advance. Previous gravity studies of the Middle East were limited by the lack of data [Seber et al., 2001] . Gravity field models had significant gaps because the existing terrestrial observations are very irregular and data from various gravity surveys are often inconsistent [e.g., Kaban and Yuanda, 2014] . Data on the crustal structure were also sparse [Seber et al., 2001] . Presently, geophysical studies of the Middle East are undergoing revolution. New satellite data make it possible to create high-resolution gravity maps for the entire Earth [Förste et al., 2014] . Furthermore, nearly all available seismic data have been recently integrated into a 3-D crustal model for most of Asia and the Middle East [Stolk et al., 2013] . This information provides a robust input for the gravity modeling of the upper mantle in the region.
In the present study we investigate a three-dimensional density structure of the upper mantle in the Middle East and surrounding region. In the first stage the crustal effect is removed from the Bouguer gravity anomalies and topography. Furthermore, the effect of deep heterogeneity of the Earth is reduced using recent global dynamic models [Kaban and Trubitsyn, 2012; Petrunin et al., 2013] . The calculated residuals reflect the effect of the upper mantle density variations. We construct an initial density model of the upper mantle based on a recent global seismic tomography model by Schaeffer and Lebedev [2013] . Finally, we employ an Occam's type inversion of the residual gravity anomalies and residual topography to calculate corrections for the initial model. In section 6, we discuss the constructed density model with respect to the tectonic structure of the Middle East.
Initial Data

Gravity Field
A new gravity field model EIGEN-6c4 [Förste et al., 2014] is used in this study (Figure 2 ). In the continental area, this model combines data from recent satellite missions (chiefly GRACE and GOCE) and high-resolution terrestrial [Storchak et al., 2013] . Approximate plate velocity vectors are shown in red [Stern and Johnson, 2010] .
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observations (for spherical harmonics exceeding~240). In the offshore regions satellite altimetry data are used for the high-frequency part of the field. Therefore, the satellite data provide horizontal resolution up to about 83 km, which is more than sufficient for this regional study (the maximal resolution of the crustal model is 1°× 1°). It has been clearly demonstrated that the new satellite-based gravity models provide a revolutionary tool to study continental areas not sufficiently covered by terrestrial observations [e.g., Braitenberg, 2015] . The initial gravity field (Figure 2 ) is represented by free air gravity disturbances at the Earth surface, which are more suitable than gravity anomalies for geophysical purposes [e.g., Hackney and Featherstone, 2003 ].
Model of the Crust
A 3-D crustal model for Asia and the surrounding regions [Stolk et al., 2013] , which also includes the Middle East, is employed to calculate the gravity effect of the crust. The structure of the crust is based on the most complete data set, compiled by the U.S. Geological Survey (Mooney [2007] with updates up to 2013), and uses a revised methodology to interpolate these data, which also gives uncertainties in the interpolation. The model provides properties of the sedimentary layer and three layers of the crystalline crust. Besides thickness, the model describes variations of seismic velocity and density within each layer [Stolk et al., 2013] . Within the crystalline crust the density variations are obtained from velocities using the experimental relationships of Christensen and Mooney [1995] . In the study area the vertically averaged density of the crystalline crust varies from 2731 kg/m 3 to 3043 kg/m 3 (average = 2911 and RMS = 42 kg/m 3 ), which corresponds to V p variations in the range of 6.05-6.98 km/s (average = 6.57 and RMS = 0.12 km/s). The vertical density distribution in the sedimentary layer is characterized by a specific density-depth relationship for each basin constrained by seismic and geological data [Stolk et al., 2013] . Furthermore, the model has been improved for the study area using recent compilations of the Moho and sediments [Kaban et al., 2015b] . The main improvements are made for the model of sedimentary basins (Figure 3a) . The Moho map, which represents the intralithospheric boundary with the largest density contrast, is shown in Figure 3b . For marginal areas the global model of the crust (CRUST1.0) [Laske et al., 2013] is employed.
Initial Model of the Upper Mantle
Initially, density variations in the upper mantle were determined from seismic velocities provided by a recent global S wave model SL2013sv [Schaeffer and Lebedev, 2013] . For gravity modeling of the upper mantle, we need information for distant zones, therefore for the territory far exceeding the study area. The employed methods also require global distribution of all parameters (see below). Although the model of Schaeffer and Lebedev [2013] is global, it is characterized by high horizontal resolution compared to other global models and reasonably agrees with existing regional models [e.g., Chang and Van der .
V s variations have been converted to temperatures and corresponding density variations as in using the mineral physics approach of Stixrude and Lithgow-Bertelloni [2005] . Following this approach, which uses the Eularian finite strain formulation, we could estimate both the synthetic anharmonic velocity and density, as a function of temperature and pressure (corresponding to depths between 50 km and 300 km), of a peridotite containing four main mineral phases (olivine, OPX, CPX, and garnet). The physical parameters of the mantle are the same as in Stixrude and Lithgow-Bertelloni [2005] , except for the elastic modulus and pressure derivatives of the mineral phases, which are taken from Cammarano et al. [2003] . We estimate the mantle temperatures comparing the seismic velocities of Schaeffer and Lebedev [2013] , with the synthetic anharmonic velocities, corrected for the anelasticity effect using the attenuation model Q4 of Cammarano et al. [2003] . In the conversion, we assume a uniform composition (called "fertile" in ), which has not been affected by depletion of heavy constituents or other compositional changes. This composition is defined as an average of the mineral fractions constituting the "Primitive mantle" rock [McDonough and Sun, 1995] and the "Tecton garnet peridotite" rock [Griffin et al., 2003] : Ol: 58.5%, OPX: 15%, CPX:11.5%, and Gt:15%, with a Mg# (100 × Mg/(Mg + Fe)) = 89. Therefore, we assume at this stage that S wave velocity variations depend on temperature only. However, compositional variations can cause positive and negative density anomalies in the upper mantle, independently on the thermal regime of the area, as extensively discussed in previous studies [Lee, 2003; Tesauro et al., 2014] . The calculated density and temperature variations at a depth of 80 km are shown in Figure 4 .
Since composition is assumed to be uniform, the velocity, thermal, and density models are correlated. The lowest temperatures (500°-800°C) corresponding to the largest positive density variations (>20 kg/m 3 ) are found beneath the central and eastern part of the Arabian platform and along the northern part of the Eurasian plate. In the other continental areas the temperature is near or at the melting point (1300°C), and the amplitude of negative density anomalies is even larger (< À20 kg/m 3 ). These results reflect the presence of a very thin lithosphere due to upwelling of the mantle (e.g., beneath the East African rift and Arabian Shield). However, some parts of the continental collision zone (northeast from the Zagros fold belt, Lesser Caucasus, and Anatolian block) are also characterized by high temperature and a low density subcrustal layer. 
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In the offshore areas, the hot and low density upper mantle is observed beneath the Gulf of Aden and Red Sea spreading axis.
The uncertainties affecting the temperature and corresponding density variations depend on several factors . As pointed out in this paper, the uncertainties of the initial seismic velocities correspond to temperature and density deviations of~150°C and 15 kg/m 3 , respectively. However, this does not have a large effect on this study, since the initial density model is used only as a first approximation, which is later corrected to fit the gravity and residual topography fields. In this way, we can also eliminate errors related to the intrinsic uncertainties of the velocity-temperature-density conversion, which are associated with some factors (e.g., variations of composition) not considered in the first step [Tesauro et al., 2014] .
Residual Mantle Gravity Anomalies and Residual Topography
To calculate the gravity impact of the crust on the observed gravity field, we employ the density variation in each crustal layer relative to a standard (reference) density-depth profile. Most of the parameters of the 
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reference density distribution affect only an average value of the computed gravity field, which is not the focus in this type of study [Kaban et al., 2004] . Only the value of the standard density of the upper mantle affects the gravity field produced by Moho variations. However, plausible changes of the standard upper mantle density lead to insignificant changes of the computed field [Mooney and Kaban, 2010; . This uncertainty is included in the total estimated uncertainty of the calculations (see below). The parameters of the reference density model are shown in Table 1 .
The standard density model of the crust is the same as employed in previous studies by Kaban et al. [2004 and of Mooney and Kaban [2010] . Such a choice gives the possibility of directly comparing the results obtained for different regions. The reference densities in the upper mantle correspond to the global average, estimated as a function of the upper mantle temperatures obtained from the conversion of the seismic tomography model of Schaeffer and Lebedev [2013] assuming the fertile mantle composition [Tesauro et al., 2014] .
The gravity effect of the crustal layers, topography, and Moho is calculated for each point on the surface. This field represents the sum of all elementary cells (tesseroids) defined by the model boundaries within the Earth. The calculations are fully 3-D, and the technical details are described in Kaban et al. [2015b] . Distant zones may produce significant trends related to fundamental differences, e.g., between the Northern and Southern Hemispheres [Kaban et al., 2004] . Therefore, variations of the model parameters are considered for the whole Earth when calculating the gravity effects at each point. Outside the study area the global crustal model (CRUST1.0) [Laske et al., 2013] is exploited. In some areas (Eurasia, North America, and Australia) CRUST1.0 is corrected based on recent and more detailed regional crustal models [Tesauro et al., 2008; Stolk et al., 2013; Collins et al., 2003] . The effect of topography (including the ice shields) and sea floor variations was also estimated taking into account variations over the whole Earth. The ETOPO1 model [Amante and Eakins, 2008] is employed onshore and the SRTM30_plus model [Becker et al., 2009] offshore. The gravity field created by the sediments, crystalline crust, and Moho is displayed in Figure 5 .
The gravity effect of sediments spans the range À100-0 · 10 À5 m/s 2 (mGal). The largest minima in the continental regions are found in the Arabian platform (eastern part) and along the Zagros fold belt, where the sedimentary thickness is greater than 10 km, as well as in some offshore areas (e.g., the southern part of the Caspian Sea and eastern Mediterranean and Black Sea), where the thickness of the relatively low-density sediments reach~20 km. The crystalline crust produces strong positive gravity anomalies (>250 · 10 À5 m/s 2 ) in the Zagros mountains and Great Caucasus, where its thickness is greater than 45 km and in two regions of the Arabian platform. In contrast, in most of the offshore areas the crystalline crust produces negative gravity anomalies. However, the largest gravity anomalies are generated by the Moho variations. Within the continental areas they are as large as ± 300 · 10 À5 m/s 2 , with the minimum values corresponding to the areas with thick crust (e.g., Zagros Mountains). In contrast, in the oceans, where the crust is very thin, the gravity effect of the Moho exceeds 300 · 10 À5 m/s 2 .
The total crustal gravity field, including the effects of topography and sea floor variation, has been removed from the initial free air gravity disturbances. This correction is an analog of the Bouguer correction, where the effect of topography/bathymetry is combined with the total effect of the crust down to the Moho [e.g., Mooney and Kaban, 2010] . Therefore, the residual gravity anomalies reflect the effect of density variations below the Moho (chiefly in the mantle) and also errors in the crustal model and density conversion. The long-wavelength effect of the deep mantle can be estimated from global dynamic models (instantaneous) as was done by Kaban et al. [2015b] based on the recent global model of Petrunin et al. [2013] . In addition, we remove the effects of the transition zone boundaries, as determined by Kaban and Trubitsyn [2012] .
The total gravity effect of the mantle density heterogeneities below 325 km is shown in Figure 6a . This field The density model of the crust is also employed to estimate the residual topography (t res ), representing the part of the topography/bathymetry that is not balanced by the crustal structure including variations of the crust-mantle boundary [e.g., Kaban et al., 2004] :
where ρ top is the average density above sea level (taking into account sediments and ice); t obs is the topography (zero offshore); R is the Earth radius; ρ = 2670 kg/m 3 is the standard density; Δρ(h) = ρ À ρ ref is the relative density below sea level; and h is the depth from sea level.
The residual topography is normally associated with the density structure of the mantle lithosphere and with dynamic topography supported by the mantle convection [e.g., Steinberger and Calderwood, 2006] . However, more factors controlling this parameter should be considered [Kaban et al., 2004] . Relatively short-wavelength variations of t res relate to the load supported by lithospheric stresses, since equation (1) implies a local isostatic condition. Therefore, we do not consider local anomalies of the residual topography while constructing the density model of the mantle. Large-scale variations of t res could also be associated with noncompensated deformations remaining after deglaciation. However, these deformations are relatively small (up to~0.2 km) and are not present in the study area. The effect of the deep mantle below 325 km (bottom of the model) is estimated in the same way as the gravity effect using the global dynamic model based on Kaban and Trubitsyn [2012] and Petrunin et al. [2013] . The amplitude of this field (Figure 6b ) is relatively small (±0.5 km) and is significantly less than the total dynamic topography over the Arabian plate estimated previously by various methods [e.g., Faccenna et al., 2013; Wilson et al., 2014] . Therefore, the effect of the upper mantle dominates in the noncompensated residual topography (Figure 7b ). Mooney and Kaban [2010] analyze potential errors of the residual gravity and residual topography. They are summarized in Table 2 . We consider the uncertainties to be related to relatively broad anomalies of several hundred kilometers or more. Uncertainties of the initial gravity model [Förste et al., 2014] are low compared to those introduced by the crustal model. For relatively large-scale anomalies, which are considered in this study, the error in the gravity field from the sedimentary model may reach 10-15 · 10 À5 m/s 2 (mGal) [Stolk et al., 2013] . Christensen and Mooney [1995] provide a value of ±50 kg/m 3 for the uncertainty of the crystalline crust density for an individual layer. Considering the crustal layers to be independent, the contribution of the crystalline crust may reach 25 to 50 · 10 À5 m/s 2 depending on the thickness [Mooney and Kaban, 2010] .
Journal of Geophysical
Uncertainties related to the Moho depth [Stolk et al., 2013] , for relatively extended anomalies, could vary from 30 · 10 À5 m/s 2 for areas well constrained by seismic observations to~60 · 10 À5 m/s 2 for poorly constrained areas. These estimates are summarized in Table 2 .
The uncertainties in Table 2 are considered independent and random, thus the standard deviation of the residual gravity anomalies ranges from~40 · 10 À5 m/s 2 (mGal) for areas well constrained by seismic measurements, to~75 · 10 À5 m/s 2 for continental areas with irregular seismic networks [Mooney and Kaban, 2010] .
Correspondingly, the standard deviation of the residual topography ranges from~0.35 km to~0.65 km. There exist several areas in the study region, where the crustal structure is not constrained by seismic experiments, such as the territories of Afghanistan, Pakistan, and some parts of Africa, except for the area adjoining the Red Sea and Afar, which is covered by seismic data. For these regions the results obtained are not realistic and will not be discussed.
The calculated variations of the residual mantle anomalies and residual topography in the study area reach ±400 · 10 À5 m/s 2 (mGal) and from À4 to +5 km, correspondingly ( Figure 7) . Therefore, for most of the study area, they exceed potential determination errors. Both the residual gravity anomalies and topography show similar patterns but with opposite sign, since they depend on density variations in the upper mantle. However, remarkable differences exist because of the distinct dependence of these parameters on the depth and wavelength of the mantle density anomalies [Kaban et al., 2015a] . Therefore, the inversion of both parameters gives the possibility of increasing the vertical resolution of the density models, as discussed in section 4. Another difference between these parameters is that for the residual topography it is possible to consider absolute values, which are directly related to the reference density model. In contrast, the average level of the residual gravity anomalies strongly depends on the density structure of remote areas [Kaban et al., 2004] . Therefore, we consider only relative variations of the gravity anomalies.
Negative gravity anomalies (and correspondingly, positive residual topography) characterize the Gulf of Aden, Red Sea, and the mid-oceanic ridge with the absolute minimum (maximum) over the Afar triple junction (À400 · 10 À5 m/s 2 and +5 km, correspondingly, Figure 7 ), which are likely related to the hot mantle (Figure 4 ). Since the main patterns of these parameters are mirrored, we limit the further discussion to the gravity anomalies. The mid-oceanic ridge is also characterized by negative residual mantle anomalies, as we would expect from its hot thermal conditions. In the continental area, negative residual anomalies are found in the northern part of the Anatolian block along the North Anatolian fault, Lesser Caucasus, and over the Zagros fold and thrust belt (~À200 · 10 À5 m/s 2 ). The maximum gravity anomaly (up to 400 · 10 À5 m/s 2 , Figure 7 ) characterizes the South Caspian basin and significant positive anomalies are also found in the South Mediterranean and the adjoining part of the East European Platform. In contrast to previous results [e.g., Kaban et al., 2015b] and seismic tomography studies [e.g., Schaeffer and Lebedev, 2013], we do not find a large difference in the residual mantle gravity and residual topography between the Arabian platform and Arabian Shield except for the area adjoining the Red Sea (Figure 7) . In further analysis we will try to determine if this result is relevant to all mantle layers or if both fields represent a combination of different (and possibly opposite) effects at various depths. 
Three-Dimensional Density Model of the Mantle
The mantle gravity anomalies and residual topography are inverted to constrain the density structure of the upper mantle. The use of both parameters provides the possibility of resolving the 3-D density distribution more reliably than by interpreting only the gravity field, since they depend differently on the depth and size of the original density anomaly [Kaban et al., 2015a] . This is an Occam-type inversion, which is constrained by the initial density model based on seismic tomography (ρ ini , Figure 4 ):
where A is the integral operator that converts density variations ρ into gravity anomalies, B-to topography undulations, t res is the residual topography, g res -residual gravity anomaly, k = 2πGρ t is the coefficient normalizing topography variation relative to the gravity (G is the gravitational constant), and α is the damping factor.
The model setup is the same as in Kaban et al. [2015b] . The gravity anomalies, residual topography, and initial model of the mantle have been decomposed into spherical harmonic coefficients and a solution was found separately for each coefficient. Outside the study area, we employ the same initial density model based on the global seismic tomography of Schaeffer and Lebedev [2013] . Density variations are determined for seven layers with central depths at 15, 50, 100, 150, 200, 250 , and 300 km. The upper layer is introduced to correct potential errors of the crustal model in the continental area. To compute of the topography undulations we use the viscosity distribution based on global dynamic models constrained by mineral physics [Steinberger and Calderwood, 2006] . The value of the damping factor is assigned based on the amplitude of the inverted densities and of the residuals (not adjusted parts of both fields) as described in details in Kaban et al. [2015b, supporting information] . Additional details and numerical tests, which prove stability of the obtained results to plausible variations of the mantle viscosity and damping factor, are provided in Kaban et al. [2015a, supporting information] . The results of the inversion are shown in Figures 8 and 9 .
The additional density variations, which supplement the initial model reach ±60 kg/m 3 (Figures 8c, 8d , and 9).
We identify three main factors, which may be associated with the corrections of the initial density model. First, they improve the resolution of the initial model based on the seismic tomography. Second, the corrections account for factors that were not considered while converting seismic velocities into density variations, such as those related to changes in composition [Tesauro et al., 2014] . The presence of water (or other volatiles) can also significantly bias the conversion of velocities into density variations [e.g., Goes et al., 2000] . Furthermore, the density correction for the uppermost mantle may be related to errors of the initial model of the crust. For example, if the Moho depth is underestimated, the correction will be negative to compensate the effect of the uplifted mantle material and vice versa. A similar effect could be associated with incorrect density of the lower crust. It should be also taken into account that the horizontal resolution of the inversion decreases with depth because of damping [Kaban et al., 2015a] . These factors are considered in the interpretation of the obtained results.
Discussion
The resolution of the final density model is improved compared to the initial one, which results in a better fit to the tectonic division of the study area. For instance, the broad negative anomaly, spreading from East Africa via the Nubian Shield and the Red Sea to the Arabian Shield, is localized in the final model in the uppermost mantle under the Red Sea ( Figure 9 and section 2). Below 100 km this anomaly extends under the Arabian Shield, which agrees with the recent regional seismic tomography models El Khrepy et al., 2015] . The negative mantle density anomalies associated with the hot mantle under the Gulf of Aden and Afar remain basically the same, but the amplitude in the Gulf of Aden is significantly increased likely due to insufficient resolution of the initial tomography model (Figure 9 and section 5). The minimum is shifted from the Red Sea to the Gulf, where it is likely associated with the most active mantle upwelling [Bosworth et al., 2005] (Figure 9 and section 4). This negative anomaly extends under Yemen, which is also affected by upwelling of mantle material, in agreement with recent tomography studies [Korostelev et al., 2014; Corbeau et al., 2014] . Furthermore, the Red Sea is clearly divided into two distinct parts. The negative density anomaly in the northern part extends to the depth~150 km ( Figure 9 and sections 1 and 4). In contrast, the same anomaly in the southern part extends to the bottom of the model and is likely linked with upwelling originating in the deep mantle (Figure 9 and sections 3 and 4) . The amplitude of the negative 
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density anomaly is decreased in the center of the Red Sea, which is associated with increased earthquake depth of (Figure 9 and section 4) . Furthermore, the uppermost part of the anomaly in the central Red Sea (up to a depth of~100 km) is shifted toward Africa (Figure 9 and section 2). Previously, whether the Red Sea represents an active or a passive rifting zone has been strongly debated [Hansen et al., 2007] . Based on our results, we suggest that the northern Red Sea may be characterized by a passive regime, where the (Figure 8 ). The initial model is based on the tomography model of Schaeffer and Lebedev [2013] . The correction is obtained from inversion of the residual mantle anomalies and residual topography (Figure 7) . The adjusted density distribution is shown in the bottom sections. Earthquake hypocenters are from the ISC-GEM catalog [Storchak et al., 2013] .
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gap between the diverging plates is filled by hot asthenospheric material. In contrast, the southern Red Sea could be associated with active rifting initiated by mantle upwelling.
In agreement with recent studies [e.g., El Khrepy et al., 2015; Kaban et al., 2015b] , we find a fundamental difference in the lithosphere structure between the Arabian Platform and the Arabian Shield. A new finding is the reversal of mantle properties at depths of 75-100 km (Figures 8 and 9 and section 2) . The uppermost mantle (to a depth of 70-80 km) under the Arabian Shield is characterized by high densities (Figure 9 and section 2). Since the crustal model in this area is robust [Kaban et al., 2015b] , we cannot attribute this feature to uncertainties of the crustal structure. Instead, we suggest that the upper mantle has been rejuvenated by a phase of mantle upwelling at ca. 800 Ma [Stern and Johnson, 2010] . O'Reilly and Griffin [2012] pointed out that metasomatic refertilization of the cratonic upper mantle increases its density and decreases seismic velocities. For this reason, the high-density uppermost layer of the mantle is less visible in seismic tomography than in the combined seismic-gravity model. It should be noted that the same feature is observed in the Nubian Shield (Figures 8 and 9 and sections 1 and 2), which is symmetrically located west of the Red Sea. However, the results for the Nubian Shield are preliminary because the crustal model is less reliable. The relatively dense subcrustal layer of the Arabian Shield is underlain by a low dense mantle below a depth of~100 km, and the anomaly is connected to the minimum under the Red Sea ( Figure 9 and sections 1-3).
The Arabian Platform is characterized by high-density mantle at the depths 100-230 km, in agreement with previous studies [Schaeffer and Lebedev, 2013; El Khrepy et al., 2015] . In contrast, the uppermost mantle has relatively low densities in the central part of the platform and normal densities elsewhere (Figures 8 and 9 ). Therefore, two reversed dipole structures, located under the Arabian Shield and Platform, produce not so different gravity effects and are not clearly visible in the residual gravity anomalies (Figure 7 ) but appear in the inversion constrained by the tomography model. Unlike the mantle under the Arabian Shield, the mantle under the Platform has not been reworked by upwelling. Therefore, this low-density anomaly may be associated with depleted material, as indicated by geochemical data [Priestley et al., 2012] . Furthermore, the localized highdensity anomaly beneath the Arabian Platform dips sharply toward the Zagros thrust and fold belt ( Figure 9 and sections 1-3). These sharp changes outline the subducting continental plate with possible delamination below a depth of 200 km ( Figure 9 and sections 2). The density of the uppermost mantle layer (down to approximately 100-140 km) decreases toward the Zagros Mountains, in agreement with seismic studies [e.g., Priestley et al., 2012] . These authors argue that the negative velocity anomaly may be associated with lithospheric melts and depleted material. Further to the northwest, the low-density zone extends toward the Lesser Caucasus.
One of the largest positive density anomalies in the upper mantle (>60 kg/m 3 ) is found under the Caspian Sea. Compared to the initial model, this anomaly is shifted to the south and is localized under the South Caspian basin (Figures 8 and 9 and section 1). The strong South Caspian block is bounded by active seismic zones. To the north, another positive anomaly is coincident with the Pre-Caspian basin. The South Caspian basin is characterized by very thick sediments (~20 km, Figure 3 ) and a very thin crystalline crust with low velocities corresponding to those of the upper crust [Stolk et al., 2013] . Several basins (in particularly, oil-rich ones) are characterized by similar structure [Cloetingh and Burov, 2011] . Mooney and Kaban [2010] identified a high-density block in the subcrustal layer under the Gulf of Mexico. They suggest that this anomaly is related to an eclogite layer, which is responsible for fast subsidence of this basin. A similar feature has been found under the Barents Sea [Ebbing et al., 2007; Braitenberg and Ebbing, 2009; Gac et al., 2013] and under the West Siberian basin [Braitenberg and Ebbing, 2009] . Therefore, the mechanism associated with the gabbro-eclogite conversion can be important for the evolution of sedimentary basins and may have influenced the thermal maturation of sediments [Gac et al., 2014] .
A strong inclined positive anomaly in the upper mantle is found under the Hellenic arc, which outlines the subduction of the African plate ( Figure 9 and section 4). The gravity correction principally changes the initial structure in this area (Figure 9 and section 4). A strong negative density anomaly is revealed that corresponds to the back-arc volcanic zone, which is consistent with local studies [e.g., Polatidis et al., 2003; Papazachos et al., 2000] . The boundary between the subducting slab and the low-density back-arc block plainly corresponds to the Benioff-Wadati seismic zone, as we can see from the earthquakes distribution ( Figure 9 and section 4).
The part of Eurasia that borders the study area is mainly characterized by positive density anomalies in the upper mantle with amplitude of up to 50 kg/m 3 ( Figure 9 and section 6). In the northwestern corner, the anomaly corresponds to the Ukrainian Shield, the old (3.2-3. (Figure 9 and section 2). This feature has already been proposed based on the results of flexural modeling of the lithosphere [Artemjev and Kaban, 1994] . The boundary between the Kopet Dag and Turan plate is clearly marked by the seismicity distribution ( Figure 9 and section 2).
Conclusions
A three-dimensional density model of the lithosphere and upper mantle is developed for the Middle East and surrounding area based on integration of seismic, gravity, and seismic tomography data. The main results are as follows.
1. Residual mantle gravity anomalies and residual topography are calculated by removing the effects of the crust and deep mantle from the observed fields. The amplitude of these anomalies reaches ±400 · 10 À5 m/ s 2 (mGal) and À4 ÷ +5 km, respectively, and significantly exceeds their uncertainties. The estimated anomalies show a strong heterogeneity of the upper mantle directly related to the tectonic history of the Middle East and to the ongoing tectonic processes in agreement with the seismicity pattern, which delineates different types of tectonic process in the study region. 2. By jointly inverting the residual gravity anomalies and residual topography we adjusted the initial density model, which is based on seismic tomography, and constructed a 3-D density model of the mantle. The obtained density variations reach ±60 kg/m 3 . The resolution of the final model is remarkably improved compared to the initial one and corresponds well to the tectonic division of the region. 3. Strong density variations within the lithosphere are found in the Arabian plate. The Arabian Shield and Arabian Platform represent two reversed dipole structures. The subcrustal layer in the Arabian Shield is relatively dense down to a depth of~80 km. This anomaly may be explained by metasomatic refertilization of the mantle rocks because of mantle upwelling at circa 800 Ma [Stern and Johnson, 2010; O'Reilly and Griffin, 2012] . In contrast, the lower part of the upper mantle is characterized by low density likely associated with the hot upwelling mantle, which is connected to the low-density conduit under the Red Sea. This feature explains why the Arabian Shield is weak relative to the Platform, as was determined from estimates of the effective elastic thickness [Chen et al., 2015] . The density structure of the Arabian Platform is vertically reversed. The uppermost layer in the central part of the shield is characterized by relatively low densities, probably due to depletion of high-density constituents [e.g., Priestley et al., 2012] . On the other hand, the lower part of the upper mantle is relatively dense up to a depth of~200 km (bottom of the lithosphere). 4. In agreement with previous studies, the rift zones and mid-oceanic ridges in the study area are characterized by a low-density mantle. It appears that the density structures of the northern and southern parts of the Red Sea are different. The low-density mantle under the northern Red Sea is limited to a depth of 150 km, while in the southern part, it extends to the bottom of the model and is likely linked to a mantle plume. On the other hand, low densities in the uppermost mantle (predominantly up to a depth of 120 km) are observed in the Zagros belt, the Lesser Caucasus, and the North Anatolian block (Figure 9 ). 5. We observe the high-density lithosphere of the Arabian plate subducting under Eurasia along the Zagros belt and of the African plate subducting under the Aegean block. In the northeastern part of the study area we identify the dense lithosphere of the Turan plate, which underthrusts the Kopet Dag. 6. A very dense mantle is found under the South Caspian basin. The density structure of this basin is very similar to the structure of the Gulf of Mexico and of the Eastern Barents Sea [Braitenberg and Ebbing, 2009, Gac et al., 2013] . We suggest that the increase in density is associated with an eclogite layer, which is responsible for the fast subsidence of these basins. A dense upper mantle is also revealed under the Pre-Caspian basin and the Ukrainian Shield in the northern margin of the study area.
